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Abstract Snowfall provides the majority of soil water
in certain ecosystems of North America. We tested the
hypothesis that snow depth variation affects soil water con-
tent, which in turn drives water potential (¥) and photosyn-
thesis, over 10 years for two widespread shrubs of the west-
ern USA. Stem ¥ (¥,,.,,,) and photosynthetic gas exchange
[stomatal conductance to water vapor (g,), and CO, assimi-
lation (A)] were measured in mid-June each year from 2004
to 2013 for Artemisia tridentata var. vaseyana (Asteraceae)
and Purshia tridentata (Rosaceae). Snow fences were used
to create increased or decreased snow depth plots. Snow
depth on +snow plots was about twice that of ambient
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plots in most years, and 20 % lower on —snow plots, con-
sistent with several down-scaled climate model projections.
Maximal soil water content at 40- and 100-cm depths was
correlated with February snow depth. For both species,
multivariate ANOVA (MANOVA) showed that Y., g
and A were significantly affected by intra-annual variation
in snow depth. Within years, MANOVA showed that only A
was significantly affected by spatial snow depth treatments
for A. tridentata, and W was significantly affected by
snow depth for P. tridentata. Results show that stem water
relations and photosynthetic gas exchange for these two
cold desert shrub species in mid-June were more affected
by inter-annual variation in snow depth by comparison to
within-year spatial variation in snow depth. The results
highlight the potential importance of changes in inter-
annual variation in snowfall for future shrub photosynthesis
in the western Great Basin Desert.

Keywords Antelope bitterbrush - Climate change -
Sagebrush - Soil water - Water potential

Introduction

Precipitation patterns have changed for many regions
of the USA since the early 1900s (Groisman et al. 2004;
Vorosmarty and Sahagian 2000), and many general circu-
lation models (GCMs) envision that terrestrial ecosystems
will continue to experience altered precipitation patterns
as a result of climate change (Hayhoe et al. 2004; Mearns
et al. 1995). The relationships between the coupled atmos-
phere—ocean system and weather fronts that deliver snow to
terrestrial ecosystems are not well understood (Saito et al.
2004); however, it is likely that wintertime snow climate
and ecology will be particularly impacted by a warmer
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atmosphere resulting from the accumulation of anthropo-
genic greenhouse gases (Lapp et al. 2005; Woo and Marsh
2005; Zierl and Bugmann 2005).

Climate changes that alter the amount of snowfall, snow
depth, and the timing of snow melt will affect the composi-
tion and productivity of terrestrial vegetation (Jackson et al.
2001; Weltzin et al. 2003). Although there is an increasing
understanding of how precipitation patterns drive plant and
ecosystem processes (Breshears et al. 1997; Schwinning
and Sala 2004), responses to snow climate are more com-
plex compared to rain. For example, pulses of snowfall do
not directly translate into soil moisture the same way that
rainfall pulses do, largely because of the time lag between
snowfall, snowmelt, and soil water infiltration (Loik et al.
2004a, b). Also, the snowpack undergoes multiple forms of
mass and energy transitions over time, resulting in the loss
of snow pack water to evaporation, ephemeral melt events,
and sublimation (Cayan et al. 2001; Essery et al. 2003;
Marks and Dozier 1992; Murray and Buttle 2005). As a
result, plant responses to climate changes that affect snow
depth and soil moisture cannot simply be assumed to be the
same as plant responses to changing rainfall magnitude.

The ability to test ecological hypotheses of responses
to altered precipitation is limited by the resolution and
uncertainty within climate models (MacCracken et al.
2003; Miller et al. 2003). Although many climate model
simulations suggest that the amount and seasonality of
precipitation will change across the western USA within
the next 50-100 years (MacCracken et al. 2003), the mag-
nitude, timing, and even the sign (positive or negative) of
the change, vary widely across models. For example, the
Canadian Climate Model and the Hadley Climate Model
GCM version 2 (HadCM2) predict that the location of
our research site in eastern California, USA may receive
80-100 % more winter (December, January, February;
DIJF) precipitation by 2090-2099 in comparison to 1961—
1990 (VEMAP Members 1995). Climate scenarios gener-
ated using the PCM, GFDL2.1, and HadCM3 models sug-
gest reductions in Sierra Nevada snow pack by 30-90 %
for the late twenty-first century (Hayhoe et al. 2004). More
recently, downscaled climate model products have been
generated utilizing ensemble approaches, such as in the
Coupled Modeling Intercomparison Project (i.e., CMIP3
and CMIP5), which show changes from 8 % lower to over
50 % higher DJF precipitation (Table 1) in 2099 compared
to the 1961-1990 baseline (Meehl et al. 2005, 2007; Taylor
et al. 2012). It is unknown how changes in snowfall magni-
tude and timing will translate into altered snow pack depth,
metamorphosis, and soil water availability (Loik et al.
2004a). Thus, it can be difficult to design effective experi-
ments to better understand how changes in snow climate
will affect plant processes when there are so many climate
scenarios to consider.

@ Springer

Table 1 Range of percent change in annual or winter (December,
January, February) precipitation for Mammoth Lakes, California
determined by 16 general circulation models (GCM) using the Spe-
cial Report on Emissions Scenarios A2 (high emission) for 1950—
2099 in comparison to 1961-1990

GCM Annual (%) Winter (%)
BCCR-BCM2_0.1 Oto—8 Oto—4
CGCM3.1(T47) —4to +4 —4to +4
CNRM-CM3 0to—8 +8to +12
CSIRO 0to +4 0to+8
ECHAMS MPI-OM 0to+8 +4 to +12
ECHO-G —4to —12 0to —8
GFDL-CM2.0 —4to —12 0to+4
GFDL-CM2.1 —4to—12 0to—4
GISS-ER 0to—8 —4 to +4
INM-CM3.0 +8to +16 +8to +16
IPSL-CM4.1 +17 to +25 >450
MIROC3.2 —4to —8 0to—12
MRI CGCM2 3.2 +8to +16 +8to +16
NCAR CCSM3 —4to —12 —4 to +4
NCAR PCM —4 to +4 0to —4
UKMO-HadCM3 —4to -8 —4t00

Data were downscaled from the World Climate Research Pro-
gramme’s Coupled Model Intercomparison Project (CMIP) multi-
model ensemble (Meehl et al. 2007) using a bias-correction spatial
method to a 0.5° grid (Maurer et al. 2007), based on 1950-1999 data
(Adam and Lettenmaier 2003)

Only a few experimental studies have tested the long-
term effects of different magnitude or signs of precipita-
tion change on physiological C and water fluxes, especially
in response to changes in wintertime snow depth in high-
elevation or high-latitude ecosystems (Walker et al. 1999;
Loik et al. 2013). Microscale variation in snow depth and
snow bank persistence helps to determine plant population
patterns and photosynthetic productivity in these regions
(Galen and Stanton 1993, 1995; Harte and Shaw 1995;
Loik et al. 2004b; Price and Waser 1998; Walker et al.
1993, 1995; Yamagishi et al. 2005). For example, the ear-
lier onset of melting driven by experimental infrared warm-
ing in the Rocky Mountains, Colorado causes certain spe-
cies to be vulnerable to a longer drought in the subsequent
summer, which can affect fitness (Lambrecht et al. 2007,
Saavedra et al. 2003; Shaw et al. 2000). In this study, we
compared how stem water potential (¥, and leaf-level
photosynthetic processes [i.e., stomatal conductance to
water vapor (g,) and CO, assimilation (A)] for two wide-
spread Great Basin Desert shrub species were affected
by snow depth manipulations that both increased and
decreased snow depth at amounts consistent with CMIP3
and CMIPS5 outputs (Maurer et al. 2002, 2007; Meehl et al.
2007; Taylor et al. 2012). The objective of this study was



Oecologia (2015) 178:403-414

405

to assess how ¥ .. and photosynthesis would respond to
spatial experimental manipulations of snow depth within
years in comparison to inter-annual variation in snow depth
over 10 years. We conducted measurements at various time
scales across multiple years because responses in single
years may be very different than what can be resolved over
inter-annual time scales. We employed snow fences estab-
lished in the 1950s to simulate increased and decreased
snow depth regimes similar to those for winter (DJF) envi-
sioned by 16 downscaled climate model products (Table 1).
Our study was based upon the assumption that differences
in snow depth across time (10 years of inter-annual snow-
fall variation) or space (due to snow fences) would alter
soil moisture availability following snow melt, plant uptake
of water, leaf-level g, and photosynthetic CO, uptake. Our
study site is typical of range and forest lands of the western
US from the shrubland/forest ecotones of the eastern slopes
of the Cascades and Sierra Nevada, across the Intermoun-
tain semideserts/deserts, the Nevada/Utah ranges, the Colo-
rado Plateau, and the western slope of the Rocky Moun-
tains. The co-dominant shrub species at our site—Artemisia
tridentata and Purshia tridentata—have geographically
widespread distributions covering about 1.37 x 10® ha
across the region. Therefore, understanding the impacts
of snow climate change on photosynthetic processes can
improve models of C dynamics for cold, snow-dominated
high-elevation arid and semi-arid shrub lands.
We tested the hypotheses that:

1. Soil moisture content in spring would be higher on
research plots with greater antecedent winter snow
depth—and lower on plots with reduced snow depth—
compared to ambient-depth plots (referred to as
“within-year spatial differences in snow depth”).

2. Differences in soil water availability would result
in higher plant ¥, and photosynthesis (g, and A)
for increased-depth plots, with opposite patterns for
decreased-depth plots.

3. Seasonal patterns of ¥ and photosynthetic gas
exchange would become minimal on all plots during
late summer following soil drying.

4. The effects of snow depth on soil water content, plant
¥, and photosynthesis, would track inter-annual varia-
tion in ambient snowfall.

Materials and methods
Study site
Experiments were conducted at the ecotone between the

Great Basin Desert shrub steppe and Sierra Nevada coni-
fer forest near Mammoth Lakes, Mono County, California

(37°38/54"N, 118°58'19"W, 2,400 m a.s.1.). Besides the co-
dominant shrubs Artemisia tridentata var. vaseyana and P.
tridentata, other vegetation includes Achnatherum thurbe-
rianum (Poaceae) (Roemer and Schulties) Barkworth, Ely-
mus elemoides (Poaceae) (Raf.) Swezey, Eriogonum sper-
gulinum (Polygonaceae) Gray, Carex spp. (Cyperaceae),
Leptodactylon pungens (Polemoniaceae) (Torrey) Rydb.,
Gayophytum diffusum (Polygonaceae) Torrey and A. Gray,
and Lupinus lepidus (Fabaceae) [=L. brewerii A. Gray].
The conifers Pinus contorta (Pinaceae) Loudon and Pinus
Jjeffreyi (Pinaceae) Grev. and Balf. occur sparingly through-
out the sites.

The soils are derived from glacial and alluvial deposits,
but primarily from volcanic material; soils are character-
ized as belonging to the Cozetica, Vitrandic Xerorthent,
Cryopsammet, Haypress, and Torriothentic Haploxeroll
families (Seney and Gallegos 1995). The soils at both 40
and 100 cm are loamy coarse sands; root mass between 0-
and 40-cm depth is about 1.1 g (dry weight) m~2 and about
20 % of that at 100 cm. There are no restrictive petrocalcic
layers in the soil above 100- to 150-cm depth at each of the
snow fence sites (Seney and Gallegos 1995). The soils at
all study sites have high rates of infiltration [15-50 cm h™!
(Loik 2007)], and gas and water permeability, and very lit-
tle surface flow has been observed.

Experimental design

We statistically compared the variation in response varia-
bles (i.e., Yyem» &5 and A) as a function of three snow depth
treatments: increased snow depth (4-snow), decreased snow
depth (—snow), and unmanipulated (ambient) snow depth.
We monitored responses in the second and third week of
June each year between 2004 and 2013, which is about
4-6 weeks following snowmelt depending on the ambient
amount of snow each year. We also measured ¥,.,.., 8., and
A seasonally from May to September 2005.

Snow depth was manipulated by disrupting the pre-
vailing wintertime laminar wind flow using snow fences
that create an equilibrium snow drift (Tabler 1974). Snow
fences create distinct spatial footprints of increased and
decreased snow depth on the lee side of the fence, inde-
pendent of the amount of ambient snow fall in a particu-
lar year (i.e., the location of increased and decreased snow
depth is consistent from year to year).

Research plots were established in February 2003 on
either side of eight snow fences situated adjacent to US
Highway 395 in the Inyo National Forest, Mono County,
California. The snow fences were installed by the Califor-
nia Department of Transportation (Caltrans) in the 1950s
as part of road snow control efforts on US Highway 395.
The snow fences occur over a 50-km transect along the
west side of US Highway 395 from southeast of Mammoth
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Lakes to east of June Lake, California. The fences are ori-
ented approximately north—northwest to east—southeast,
generally parallel to the direction of US Highway 395 at
each site and generally perpendicular to the prevailing wind
direction in winter. The fences range from 100 to 200 m
away from the ditch of the highway. The snow fences are
of the “Wyoming” type, 4 m in height, and 50 % in poros-
ity (Tabler 1974). The fences vary from 100 to over 200 m
in length; we selected our 100-m-long research plots (see
below) so that they were located on relatively flat terrain,
and at locations where adjacent fences do not overlap one
another. There has been no mowing or brush control along
the fences, and the fences are maintained annually by Cal-
trans. Maintenance is conducted via access roads located at
the immediate base of the fence on the upwind base of each
fence, where least damage to research plots could occur.

Based on snow depth patterns measured in January 2003
(and subsequently confirmed annually), we established for
each snow fence a +snow, -snow, and ambient depth plot.
Snow depth was measured on haphazardly assigned tran-
sects perpendicular to the snow fence. The transect ran
from 50 m west (upwind) of the snow fence to —70 m east
(downwind) of the fence. Snow depth was measured at 1-m
intervals along the transect using snow poles in the first
week of February each year (Loik et al. 2013). Each plot is
5 m wide x 100 m long; the long axis of each plot is paral-
lel to the snow fence. The ambient depth plots are centered
50 m upwind of the snow fences, the +snow plots are cen-
tered at the maximum measured snow depth 13 m down-
wind of the fences, and the —snow plots are located 70 m
downwind of the fences where snow depth is ca. 80 % of
the upwind ambient depth.

For each snow depth treatment plot, a line transect was
established in the middle of the 5-m direction, for the
length of the 100-m plot. Sites for repeated sampling were
marked with rebar at 0, 25, 50, 75, and 100 m along the
line transect. During each measurement campaign, ¥,
g, and A were measured as described below for randomly
selected individuals of the co-dominant shrubs A. tridentata
and P. tridentata nearest to the rebar markers, resulting in a
sub-sampling procedure for each transect and fence. These
plants were permanently marked to facilitate repeated sam-
pling from month to month and year to year. This approach
resulted in a categorical comparison of response variables
within a month, and repeated measurements across months
and years (for further details, see “Data analysis”, below)

Meteorological data
Historic snow depths on 1 April for each year from 1928
to 2013 for this study site (Online Resource Fig. 1) were

obtained from the California Data Exchange Center (http://
cdec.water.ca.gov/index.html). Daily precipitation (i.e.,
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rain and melted snow water equivalents), snow fall, and
snow depth for Mammoth Lakes were obtained from the
National Climatic Data Center (www.ncdc.noaa.gov/
oa/ncdc) for the period from June 2004 to July 2013.
Downscaled CMIP3 and CMIPS climate projections
(Table 1) were obtained from http://gdo-dcp.ucllnl.org/
downscales_cmip_projections/.

Soil moisture

Soil moisture for 2004 was measured gravimetrically in
April for one sample for each treatment at each fence. In
September 2004, one 20-cm-long Decagon ECH,O dielec-
tric aquameter probe (Decagon Devices, Pullman, WA)
was buried vertically between 30- and 50-cm depths and
another between 90- and 110-cm depths in each transect
for all fences. ECH,O probes were connected to RMS5 data
loggers set to record the voltage through the soil moisture
probes at 12-h intervals from September 2004 up to and
including May 2013.

Plant ¥

Plant ¥ was measured during each measurement campaign
in June for 2004-2013, and monthly from May to Septem-
ber 2005, for vegetative stems and leaves of A. tridentata
and P. tridentata. Distal stem segments with spring leaves
attached averaging 10 &+ 3 cm in length were removed with
small scissors from individuals at each repeated-measures
sampling site (equaling five sub-samples from each plot),
and placed in a plastic bag with a high internal relative
humidity for transport from the plant to the pressure cham-
ber. The time from sample removal to measurement was
less than 15 min. ¥ was measured with a Scholander-type
pressure chamber (3000 series; Soilmoisture Equipment,
Santa Barbara, CA). Measurements of ¥, were made
between 0730 hours and noon local time. The order of plant
sampling was randomly alternated among ambient, +snow,
and—snow plots to avoid time-of-day bias; a preliminary
analysis showed no time bias across this interval for either
species. In June 2007, ¥, was measured both pre-dawn
and midday for both species across the three snow depth
treatments for six of the snow fences.

Photosynthetic gas exchange

Photosynthetic gas exchange was compared for distal
spring leaves (representing 2-3 cm of stem length) of A.
tridentata and P. tridentata on ambient, +snow, and —snow
plots for each of eight snow fences. Measurements were
sub-sampled for five individuals of each species on ambi-
ent, +snow and —snow plots as described above. Leaves
were spread out to minimize overlap, but measurements
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represent projected area. Measurements occurred at the
same time of day, season, and year as for ¥ measurements,
but on different branches to minimize potential effects of
stem removal on g, and photosynthesis. Stems were marked
with laboratory tape so that they could be photographed for
computation of leaf area to correct gas exchange measure-
ments (described below).

A and g, were measured using a LI-6400 open-mode
portable photosynthesis system (LI-COR, Lincoln, NE).
Vapor pressure deficit within the chamber was maintained
at pre-measurement ambient levels. The CO, concentration
within the leaf measurement chamber was maintained at a
constant level (380 umol mol~!) by scrubbing the incom-
ing airstream with soda lime, and the subsequent addition
of a precise amount of CO, via injection from an external
cartridge. Photosynthetically active radiation (400-700 nm)
within the chamber was maintained at 1,500 p.mol m2s!
using LI-COR red-blue light-emitting diodes in the
2 x 3-cm rectangular chamber. Leaf temperatures were
recorded with a copper-constantan thermocouple pressed
to the abaxial surface of the leaf within the cuvette. Distal,
fully mature leaves were inserted into the cuvette at their
natural branch orientation, and photosynthetic measure-
ments were recorded when all stability criteria were met
and the coefficient of variation (CV) for A and g, combined
was below 0.5 %. Usually, five to ten leaves were used
at a time for both species because of their small size and
arrangement on the branch.

The area of the leaves used for gas exchange measure-
ments was determined by a digital photographic method.
Branch ends used for gas exchange measurements were
digitally photographed against a magenta background with
a reference scale. Images were processed using Photoshop
7.0 (Adobe Systems, San Jose, CA) to highlight green pho-
tosynthetic tissue and to contrast it with non-photosynthetic
stem portions of the image. Projected leaf area (cm?) was
then determined using Image J analysis software (Scion,
Frederick, MD).

Data analysis

Shrub ¥ and photosynthetic gas exchange data were ana-
lyzed over the 10 years using a multivariate ANOVA
(MANOVA). Repeated-measures effects (i.e., within-
subjects effects) of time and the interaction between time
and the snow depth treatment were examined using both
MANOVA (Pillai’s trace statistic was used for the interac-
tion effect) and univariate ANOVA with the Greenhouse—
Geisser adjustment. We rejected the null hypothesis when
either the adjusted univariate or the multivariate test indi-
cated a significant result (Looney and Stanley 1989; Quinn
and Keough 2002). Data from the 0-, 25-, 50-, 75-, and
100-m sub-sampling sites of each transect were averaged

prior to all analyses. The ¥ data were log transformed to
meet assumptions of normal distribution and heteroscedas-
ticity. MANOVAs and univariate ANOVAs were conducted
using JMP Pro (version 11.0.0; SAS Institute, Cary, NC).
Linear regression was used to determine the sensitivity
of A and g, measured in June of each year to maximal vol-
umetric soil water content. Treatment averages (i.e., aver-
aged across fences) for each species were plotted against
values for the 10 years of the study. Regressions were fitted
using SigmaPlot version 10 (Systat Software, Chicago, IL).

Results
Meteorology

The high inter-annual variability of precipitation in this
region is evident upon examination of detailed rain and
snowfall patterns for the hydrologic years 2003/2004 to
2012/2013 (Fig. 1; a hydrologic year begins on 1 October
for this region). First of October to 1 June cumulative pre-
cipitation varied from just over 300-850 mm across the
10 years of the study (Fig. la). The winter of 2006-2007
was the driest of the 10-year study period. By contrast,
2010-2011 was the highest snow fall winter of the 10-year
study. In 6 of the 10 years, snow depth ranged from 100 to
150 cm; in other years it was around 50 cm, resulting in
considerable inter-annual variation in snow depth (Fig. 1c).
For the 1928-2013 period, 1 April snow depth measured in
Mammoth Pass (elevation = 3,000 m a.s.l., about 25 km
from the snow fence sites) averaged 136 cm with a CV of
48 % (Online Resource Fig. 1.)

Snow depth manipulation and soil moisture

The cumulative values for rain +snow precipitation in the
interval from 1 October to 30 September varied from ca.
300 to 850 mm year~'. The snow fence treatment was suc-
cessful in altering snow depth, and the location of maximal
and minimal snow depth zones was consistent for all win-
ters between 2004 and 2013. Snow depth was always high-
est on +snow plots in all years (Fig. 2a), but in 2009 and
2012, there were no significant differences in snow depth
when all three treatments were analyzed for all fences.
Snow depth was higher on +snow compared to ambient
and —snow plots for 5 of the 10 years (2005, 2007, 2008,
2011, and 2013.)

Maximal volumetric soil water content in May (i.e., fol-
lowing snow melt) generally reflected the inter-annual pat-
terns of snow depth (Fig. 2b, ¢). Maximal water content
at 40-cm depth (ca. 25 %) was greater than for 100-cm
depth (maximal ca. 15 %). In 2006, 2008 and 2011, soil
water content at 40-cm depth was higher on +snow plots

@ Springer
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and lowest on —snow plots. For the 100-cm depth, there
were no differences in soil water content across snow depth
treatments for all years except 2011.

Plant V¥,

stem

Pre-dawn ¥ measured in June 2007 was about
—0.80 MPa for both species (Fig. 3a, d). During midday in
June 2007, there were significant differences when the two
species were compared (P. tridentata was lower; F = 6.86,
P = 0.04) and there were marginally significant differ-
ences across the snow depth treatments (—snow lower;
F = 2284, P = 0.10). Midday ¥, averaged —1.60 and
—1.75 MPa across seasons for A. tridentata and P. triden-
tata, respectively, in June 2007. Between snow melt in May
and the beginning of September 2005 (Fig. 3b, e), mean
midday Y., decreased by about 1.0 MPa for A. triden-
tata on —snow plots, and by only 0.5 MPa for plants from
ambient and +snow plots; similar patterns were observed
for P. tridentata. Across the months of 2005, there were

no significant differences in ¥, due to snow treatment
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06 07 08 09 10 11 12 13
Year (20--)

until September, when values for plants on —snow plots
were lower than for those on +4snow and ambient plots
(F=28.19, P<0.01).

Over the 10-year study period, ¥, was lowest in 2004,
and was rather constant between 2005 and 2013 (Fig. 3c,
f). In general, shrubs on +snow plots tended to have the
highest ¥, and —snow plots tended to have the lowest
Y .m- The effect of time was significant for A. tridentata
(MANOVA, F = 115.6, P < 0.0001; univariate, P = 27.8,
P < 0.0001), but there were no significant within-year
effects of the snow depth treatments on ¥, (Table 2;
Fig. 3c). However, for P. tridentata there were significant
effects of both snow depth treatment and time on ¥
(Table 2; Fig. 3f).

Photosynthetic gas exchange

The patterns of g, and A from 2004 to 2013 reflected the
inter-annual patterns of snow depth for both A. tridentata
and P. tridentata (Fig. 4). g, ranged from about 0.10-
1.00 mol m~2 s~ for both species between 2004 and 2013
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(Fig. 4a, c). For the 10-year period, g, for A. tridentata aver-
aged 0.30 mol m~? s™! with a CV of 69 %. Mean g, for P.
tridentata was 0.38 mol m—2 s~! (CV = 63 %). There were
significant differences in g, over the 10-year time period for
both species (A. tridentata MANOVA F = 59.0, P = 0.017,
univariate F = 59.0, P < 0.0001; P. tridentata MANOVA
F =423, P = 0.023, univariate F = 33.5, P < 0.0001) but
no differences due to within-year snow depth treatments
(nor any interactions; Table 2).

A varied about tenfold for A. tridentata and by
3.5 times for P. tridentata between dry and wet years
(Fig. 4b, d). A averaged 10.72 pwmol m~2 s~! for A. tri-
dentata with a CV of 74 % from 2004 to 2013, and about
18.2 wmol m~2 s~! for P. tridentata (CV = 55 %). There

were significant differences in A for A. tridentata for both
within-year snow depth treatment (F = 4.20, P = 0.05)
and time (MANOVA, F = 735, P = 0.001; univariate,
F = 54, P < 0.0001), but the interaction terms were not
significant (Table 2). For P. tridentata, there were signifi-
cant differences in A related to time (MANOVA, F = 79.9,
P = 0.012; univariate, F = 110, P < 0.0001) but no within-
year effects of snow depth treatments.

Both species exhibited pronounced seasonal increases
in g, and A in all treatments between May and September
2005 following the relatively wet winter of 2004-2005
(Online Resource Fig. 2). g, increased steadily for both
species and for all treatments from May to July 2005, and
then decreased somewhat by September (Online Resource
Fig. 2A, C). There were no significant differences in g, due
to snow depth treatment over this seasonal comparison. For
A. tridentata, the net increase in A over the 4 months was
about fourfold for plants on ambient-depth plots, and about
2.5-fold for plants on +snow and —snow plots (Online
Resource Fig. 2B). Assimilation increased by a factor of
about five for all treatments over the same period for P. tri-
dentata (Online Resource Fig. 2D).

Discussion

Our results showed that inter-annual differences in snow
depth resulted in significant effects on ¥, g, and A for
both of these widespread, deeply rooted shrubs species of
the Great Basin Desert. By contrast, there were minimal
within-year effects of the spatial snow depth treatments
caused by the snow fences, except for A for A. tridentata
and Y, for P. tridentata. Soil moisture content in spring
generally reflected within-year spatial differences in snow
depth across treatments (ambient, +snow and —snow
depths) in winter, consistent with hypothesis 1 (Figs. 1, 2).
Soil water content mirrored inter-annual patterns of snow
depth for the 10-year study period 2004-2013 (Fig. 2a,
b) although differences between within-year spatial snow
depth treatments (especially ambient and —snow) were not
always distinct. However, the 20 % reduction in snow depth
on —snow plots is quite consistent with outlooks derived
from 16 downscaled climate models for altered DJF pre-
cipitation for this region (Table 1). Differences in soil water
content were more pronounced at 40-cm compared to 100-
cm depth in the soil for both snow depth treatments and
years (Fig. 2b, c), and there were marginally significant dif-
ferences in midday ¥, across treatments (Fig. 3a, d), thus
support for hypothesis 2 is equivocal. We hypothesized
that g, and A would decrease by the end of the summer
(hypothesis 3) but in fact they were still quite substantial
in September 2005; ¥.,,, & and A were not significantly
different across snow depth treatments between May and
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September 2005 (Online Resource Fig. 2). Overall, results
suggest that early summer ¥ and photosynthesis for both
species respond more to inter-annual rather than intra-
annual (spatial) variation in snow depth and soil moisture.
This region exhibits large variation in inter-annual snow-
fall (CV = 48 %) as evidenced by decadal records col-
lected near our study site (Online Resource Fig. 1). Varia-
tion in shrub ¥, across time scales was relatively minor,
compared to the variation in snow fall, snow depth, and soil
moisture. Although pre-dawn ¥ values were only about
—1.00 MPa, and higher than for midday measurements,
there were only marginal effects of snow depth on ¥.,..
W decreased slightly over the spring and to the end of the
summer of 2005 for both species, but with no significant
differences across treatments. These results suggest that
the roots of both A. tridentata and P. tridentata had access
to soil moisture for several months following snow melt,
resulting in minimal stomatal limitations to photosynthe-
sis. It is possible that relatively small amounts of snow are
able to fully saturate the highly porous soil column at this
site; soil moisture was maximal (ca. 25 %) at 40-cm and ca.
15 % at 100-cm depth in the wettest years, but the relation-
ship between snow depth and soil moisture was not consist-
ent between treatments and across years. It has been well
demonstrated that A. tridentata is capable of appreciable
movement of soil moisture from deep to shallow soil lay-
ers (Leffler et al. 2005; Naumburg et al. 2005; Ryel et al.
2004). Moreover, this species has a pattern of root growth
and activity that progresses into deeper soils as the surface
layers dry (Peek et al. 2005; Ryel et al. 2004). Our val-
ues of ¥, . for A. tridentata were somewhat higher than

stem
reported by others in different locations (Evans and Black
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and —snow (squares) plots. c—f Inter-annual ¥, measured in June

2004-2013. a—f Data are means &+ 1 SD, n = 6 snow fences. For
abbreviations, see Fig. 2

1993; Kolb and Sperry 1999; Shaw et al. 2000; Ryel et al.
2003), possibly due to microclimatic and soil texture differ-
ences across the large geographic distribution of this spe-
cies. And, our study site generally receives more summer
rainfall (but after the mid-June gas exchange measurement
times in this study) than the eastern Great Basin Desert.
Less is known about the water relations of P. tridentata
(Young and Clements 2002), but this species rapidly
responds to summer rainfall treatments, indicating summer-
time root activity near the surface when soil water is avail-
able (Loik 2007). In the present study P. tridentata had ¥
and seasonal assimilation patterns that suggest it may also
access deep water. There was surprisingly little inter-annual
variation in ¥, across years for either species, despite the
large variation in ambient snow fall and snow depth over
the 10-year period. In fact, the CV for ¥ was 19.5 %
by contrast to a fivefold difference in snow depth and soil
moisture variation over the 10-year period.

Based on established relationships between precipita-
tion and plant production (Huxman et al. 2004; Knapp and
Smith 2001), increasing or reducing snow depth and soil
water availability should have caused a significant change
in water relations and photosynthesis. Yet, our results
showed that leaf-level photosynthesis did not exhibit sig-
nificant within-year responses to the spatial differences in
snow depth caused by the snow fences (except for A for A.
tridentata and Y, for P. tridentata). One potential reason
for the minimal within-year response is that there may be a
confounding effect of soil water availability with the start
of the growing season. Any advantages afforded by higher
soil moisture availability on +snow plots may be offset by
a later melt date (Harte and Shaw 1995). Likewise, leaf N
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Tablg 2 .Rep eated-measures Response Effect Test® F Num. df Den. df P
multivariate ANOVA
(MANOVA) and univariate tests Artemisia tridentata
?;::;;fzf;s t‘flf;“(‘;zoi"'}’;g 13, Ve Treatment M 1.8005 2 15 0.1991
and the treatment x time Time M 115.5863 9 7 <0.0001
interactions on stem water Time UGG 27.84 3.9783 59.675 <0.0001
potential (¥,;,,; MPa), stomatal Time x treatment MPT 1.0876 18 16 0.4362
conductance to water vapor .
(g mmol m~2 s~!) and leaf- Time x treatment UGG 1.1145 7.9566 59.675 0.3667
level CO, assimilation (A; g Treatment M 0.565 2 10 0.5855
pmol m~2s~") Time M 58.9504 9 2 0.0168
Time UGG 59.0411 3.0739 30.739 <0.0001
Time x treatment MPT 0.9139 18 6 0.5969
Time x treatment UGG 0.9331 6.1478 30.739 0.4871
A Treatment M 4.1976 2 10 0.0475
Time M 735.3927 9 2 0.0014
Time UGG 53.9365 3.7246 37.246 <0.0001
Time x treatment MPT 1.3178 18 6 0.3888
Time X treatment UGG 1.9231 7.4492 37.246 0.0896
Purshia tridentata
Yem Treatment M 13.0742 2 15 0.0005
Time M 150.6391 9 7 <0.0001
Time UGG 0.4382 3.9441 59.162 <0.0001
Time x treatment MPT 1.315424 18 16 0.1438
Time x treatment UGG 0.438239 7.8883 59.162 0.5917
g Treatment M 0.9655 2 10 0.4136
Time M 42.2671 9 2 0.0233
Values in italics are significant Time UGG 33.4677 1.6387 16.387 <0.0001
atp <0.05 or less Time x treatment MPT 1.3238 18 6 0.3864
Num. dfis the df in the Time x treatment UGG 1.1702 3.2774 16.387 0.3542
numerator of the F-ratio, den. df
is the df in the denominator of A Treatment M 0.292 2 10 0.7529
the F-ratio Time M 79.8837 9 2 0.0124
 Refers to MANOVA (M), Time UGG 110.1919 4.2932 42.932 <0.0001
univariate Greenhouse-Geisser Time x treatment MPT 0.7572 18 6 0.7016
adjusted (UGG), or MANOVA Time  treatment UGG 23181 8.5865 42932 0.0335

Pillai’s trace (MPT)

content, and instantaneous conditions of air temperature
and vapor pressure deficit may have confounded leaf-level
photosynthetic responses to snow depth and soil moisture
or otherwise shifted photosynthesis from stomatal to bio-
chemical limitations (Leffler and Caldwell 2005; Leffler
et al. 2004). It is possible that plants on the different plots
are at different phenological stages based on melt timing,
but we have not measured the potential differences in pho-
tosynthesis, leaf or flower production in relation to melt
date over time. Also, some aspects of these shrubs (e.g.,
root depth) may have acclimatized over the ca. 50-year his-
tory of the snow fences to the effect of snow depth treat-
ments on soil moisture availability (Atkin et al. 2000;
Limousin et al. 2013; Luo et al. 2001). These shrubs are
deeply rooted and can utilize soil water to 2- to 3-m depth
(Caldwell et al. 1998; Peek et al. 2005; Ryel et al. 2004)

though our measurements of soil moisture only extended to
100-cm depth. Inter-annual variability in snow depth at our
study site (CV = 48 % for 1928-2013) is higher than for
inter-annual precipitation variability for other arid sites of
the western US (Knapp and Smith 2001; Loik et al. 2004a),
so there may be some carry-over of deep soil moisture
between high- and low-snowfall years.

Our results showed minimal effects of within-year spa-
tial variation in snow depth on water relations and photo-
synthetic gas exchange, but snow fences can still be used
to yield informative experiments. Our prior work (Loik
et al. 2013) showed that above-ground cover for P. fri-
dentata decreased while cover and biomass increased for
several species of grasses and sedges. We also showed
significant effects of both snow depth increases and
decreases on annual tree ring increments for Pinus jeffreyi,
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accumulation of dead woody debris, and total soil C
(Loik et al. 2013). We have observed no significant differ-
ences in leaf area, leaf area index, leaf mass or shrub size
for either of the shrub species across treatments or years
(unpublished data, M. E. Loik). Therefore, the patterns we
show here for ¥ and photosynthesis within and between
years do not help to explain the previous community-level
responses (Loik et al. 2013.) However, we have found
considerable differences in seedling recruitment for both
species (unpublished data, M. E. Loik), which may help
explain aforementioned patterns of cover and biomass
(Loik et al. 2013).

Numerous other studies have utilized snow fences to
assess impacts of snow depth and melt timing on eco-
logical patterns and processes (Sturges 1989; Walker et al.
1999). For some of these studies, increased snow depth
caused earlier snow accumulation in autumn, longer
snowpack duration (later melting), and warmer soil sur-
face temperatures in winter, compared to sites with
decreased snow (Walker et al. 1999). The snow accumu-
lation and melt effects are similar at our site. Changes
in species composition and canopy roughness have been
documented for snow accumulation zones downwind
from snow fences in a New Zealand alpine ecosystem
(Smith et al. 1995). Likewise, snow fences along Inter-
state 80 in Wyoming have been shown to cause reduced
plant diversity, growth, and cover (Perryman et al. 2000).
Snow fences at Toolik Lake, Alaska and Niwot Ridge,
Colorado resulted in increased plant growth, soil CO,
flux, and system C loss in response to increased snow
depth and soil warming (Walker et al. 1999). We have
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also found changes in plant cover, invasive species, tree
establishment and growth, and soil C associated with
snow fences at this high-elevation, cold, semi-arid loca-
tion in eastern California (Alpert and Loik 2013; Concilio
and Loik 2013; Concilio et al. 2013; Griffith et al. 2010;
Griffith and Loik 2010; Loik et al. 2013). Overall, these
results from multiple locations and ecosystems high-
light a variety of individual, community, and ecosystem
consequences of altered snow depth in snow-dominated
habitats.

Our results suggest that leaf-level photosynthesis for
both of these widespread shrub species of the Great Basin
Desert will be affected by climate changes that alter inter-
annual variation in winter snow depth in the future. Based
on 10-year sliding means and CVs, there have been no
changes in 1 April snow depth variability between 1928
and 2013 (Online Resource Fig. 1). However, increases in
inter-annual snow depth variability, earlier snow melt tim-
ing, or multi-year droughts may significantly affect leaf-
level photosynthesis and C cycling in the future. Moreover,
we focused on the physiological responses of established
adults, whereas the responses of seedling recruitment and
adult mortality (cf. Loik et al. 2013) may be more impor-
tant for changes in C cycling patterns and processes in
response to altered snow climate for this ecosystem in the
future.
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